Objectives: The gap junction protein connexin40 (Cx40) is differentially expressed during embryonic development and in adult tissues, for which the molecular basis is unknown. In order to elucidate the molecular mechanisms controlling Cx40 expression, we set out to map and characterize its promoter. Methods: The transcriptional activity of individual rat Cx40 (rCx40)-derived promoter fragments fused to the luciferase reporter gene was determined by transfection / reporter assays in Cx40-expressing (A7r5, rat smooth muscle embryonic thoracic aorta cells, and BWEM, v-myc transformed rat fetal cardiomyocytes) and Cx40-nonexpressing cells (N2A, mouse neuroblastoma cells). The nature of DNA-protein interactions was investigated by a combination of standard electrophoretic-mobility-shift assays (EMSA) and EMSA / antibody supershift assays. Results: Quantification of luciferase activity in cell lysates revealed that a 235-base-pair fragment, in between map positions 2150 and 185 relative to the transcription initiation site, is able to provide for a significant level of transcription in both Cx40-expressing (A7r5, BWEM) and -nonexpressing (N2A) cells. These results indicate that this region contains the basal promoter but is not sufficient to completely determine the endogenous Cx40-expression pattern within these cell types. In search for the responsible transcriptional regulatory element(s), additional segments of the (2150, 185) region were deleted and the remaining fragments were tested for transcriptional activity. These studies established that the regions in between map positions (296, 271) and (158, 185) contribute to promoter activity. EMSA with these regions revealed that predominantly two DNA-protein complexes are formed upon incubation with either A7r5, BWEM or N2A nuclear extracts, which could be both inhibited by including excess oligonucleotide containing the Sp1 consensus binding site in the binding reaction. Purified recombinant human Sp1 provided also for a shift in the EMSA using these promoter regions as target fragments. When the DNA-protein complexes formed with nuclear extract were subsequently incubated with either an anti-Sp1 or an anti-Sp3 antibody clear supershifts in the EMSA were obtained, indicating Sp1 and Sp3 binding to both the (298, 264) and (153, 187) regions. The introduction of mutations within the core sequence of the putative Sp1 / Sp3 binding sites present in these regulatory elements reduced the level of transcriptional activity and abrogated Sp1 / Sp3 binding to these sites. Conclusion: The results indicate that at least two Sp1 / Sp3 binding sites in the rCx40 promoter contribute to the transcriptional activation of its gene in cultured cells.
Introduction
nutrients or regulatory molecules). A complete gap junction channel interconnects the cytoplasms of two neighClusters of intercellular channels (gap junctions) allow boring cells through an aqueous pore formed by the adjacent cells to electrically and chemically communicate association of two hemichannels (or connexons), each of through the exchange of ions or small substances (such as which is contributed by one of the participating cells. Gap junction proteins (or connexins, Cx) constitute the protein molecules of the gap junction channel, six of which are assembled into each connexon [1, 2] . The total number of two Sp1 / Sp3 binding sites contribute to its gene activation different vertebrate connexin genes is expected to exceed in cultured cells. twenty, fourteen of which have been identified in rodents [3] . Extensive amino acid sequence analysis predicts common structural features for each connexin, consisting 2. Methods of e.g. a well-conserved cytoplasmic N-terminal part, four transmembrane regions, two extracellular domains and a 2.1. Cell culture variable cytoplasmic loop and C-terminus [1, 2] . The overall genomic organization of connexin genes appears to
The rat thoracic aorta smooth muscle cell line A7r5 [17] be rather simple, consisting of two exons with most and mouse neuroblastoma N2A cells [18] were grown in connexins having the complete coding region on exon2
Dulbecco's modified Eagle's medium (DMEM; Boehrinand the 59-untranslated region divided by an intron over ger Ingelheim, Heidelberg, Germany) supplemented with exons 1 and 22. A new subgroup, however, has recently 10% fetal bovine serum (FBS) and 2 mM of L-glutamine been defined of which the gene structure is characterized (Boehringer Ingelheim). The rat v-myc transformed fetal by the presence of an intron within the coding region [4] .
cardiomyocyte cell line BWEM [19] was cultured in Connexins differ in their functional (gating) properties DMEM-nutrient mix F12 (1:1, Life Technologies, Rockand their developmental-and cell type-specific expression ville, MD, USA) supplemented with 5% FBS. These patterns. Some gap junction proteins are widely distributed cultures were maintained at 378C and 5% CO -95% air in 2 among cells and tissues (e.g. Cx43), whereas others a humidified atmosphere. Penicillin (50 units / ml) and display a much more restricted expression profile (e.g. streptomycin (50 mg / ml; both from Boehringer Ingelheim) Cx33) [1] . Cx40 RNA has been detected in several adult were routinely included in all culture media. tissues, including heart, lung, ovary and kidney, but not in e.g. brain, spleen or liver [5, 6] . In the adult heart of most 2.2. Plasmid construction species, Cx40 expression is restricted to the endothelial layer of blood vessels, the myocytes of atria and the The pGL3-Basic vector (Promega, Madison, WI, USA), ventricular conduction system, except for the rat where for which Firefly luciferase expression in eukaryotic cells Cx40 has not been detected in atrial myocytes [7] .
is dependent on the insertion and proper orientation of a Differential expression of Cx40 is also observed during functional promoter, served as basis for the generation of embryonic development in the rat heart. Cx40 expression chimeric rCx40 promoter / luciferase constructs. Various 59-first becomes detectable at embryonic day 13, increases in upstream regions of the rCx40 gene were obtained by the the fetal period and subsequently decreases towards birth polymerase chain reaction (PCR) using synthetic oligo- [8] . Altogether, these cell type-specific and developmental nucleotides (Pharmacia, Uppsala, Sweden) chosen on the expression patterns suggest that Cx40 expression is under basis of the known nucleotide sequence [15] and either tight spatiotemporal control.
A7r5 genomic DNA or a suitable cloned genomic fragment The abundant presence of Cx40 in myocytes of the as template. Site-directed mutations in the rCx40 59 ventricular conduction system has been correlated with the flanking sequence were introduced in a similar manner by fast electrical conduction properties of this cardiac region employing either 59-sense or 39-antisense primers con- [7, 9] . Alterations in the expression level and distribution taining dinucleotide substitutions relative to the native pattern of this gap junction protein may give rise to nucleotide sequence. For cloning purposes the 59-sense abnormalities in action potential formation and conduction.
primers contained an additional XhoI restriction site, Such alterations have been documented for Cx40 in whereas all 39-antisense primers contained a HindIII site. persistent atrial fibrillation [10] and hypertrophy [11, 12] .
Amplified DNA fragments were subsequently cloned into Cardiac conduction abnormalities were observed in knockthe XhoI / HindIII sites of the pGL3-Basic vector by out mice lacking Cx40 which were correlated with a higher standard cloning procedures [20] . The integrity of each incidence of arrhythmias [13, 14] . In order to begin to construct was confirmed by BigDye-cycle sequencing understand the molecular mechanisms that control the analysis in two directions on an ABI Prism 310 Genetic expression of Cx40 under (patho)physiological circumAnalyzer (Perkin Elmer, Foster City, CA, USA). Four of stances, the transcriptional regulation of the rCx40 gene is the thus obtained reporter constructs are schematically addressed. To that purpose, our laboratory [15] as well as represented in Fig. 1 . The 59-sense primer sequences used others [16] have elucidated its genomic organization in rat for the generation of these constructs were as follows (in and mouse, respectively. Both studies revealed that the 59 to 39 direction; numbering relative to the transcription Cx40 gene fits the overall gene structure profile for all initiation site as determined earlier [15] ): TTTCTcharacterized rodent connexin genes studied to date, i.e. a CGAGTTCCCTGGCCATTGCAAATGG (map positions two-exon gene with the complete coding region on exon2.
21125 to 21105), TTTCTCGAGAGGGTTTGTTGTIn this report, we extend these studies by characterizing the GTGGATAGA (2455 to 2435), TTTCTCGAGACArCx40 promoter and providing experimental evidence that GCTAGCAAGTGCATGGAC (2296 to 2276), and TTT-experimental construct and 0.5 mg of pRL-CMV reporter vector. Since BWEM cells proved refractory to standard 5 calcium phosphate transfection, 2?10 cells were transfected on 60-mm diameter dishes with 6.4 mg experimental and 1.6 mg reporter plasmid by a modified procedure at 358C and 3% CO [22] . Cell lysates were prepared after a 2 24-48 h expression period and assayed for luciferase activity on a Lumat LB 9507 luminometer (EG&G Berthold, Bad WildBad, Germany) using the dual-luciferase reporter assay system (Promega) essentially as described by the manufacturer. The Renilla luciferase activity measurements were used to normalize for differences in transfection efficiency in between individual transfections.
For each construct to be tested, two different plasmid preparations were used to assay for luciferase activity in a total of at least four independent transfection experiments and the results are expressed as mean6SEM. were prepared by annealing the appropriate complementary synthetic oligonucleotides and labeling them with [g-32 CTCGAGTGAGAAGAAGGGAGGAGAGAG (2175 to P]ATP and T4 kinase [20] . Approximately 50 000 cpm 32 2155); the 39-antisense primer used in all four inof these P-endlabeled probes were incubated with nustances was 59-TTTAAGCTTCTGCTTCCTTTCCTCCGclear extract (15 mg protein per reaction) or recombinant CCCT-39 (165 to 185).
human Sp1 (Promega; 1.5 footprinting unit per reaction) in All pGL3-based constructs containing different fraga 21-ml reaction mixture containing 27 mM HEPES, pH ments of the 59-upstream region of rCx40 are named 7.5, 1.25 mM MgCl , 1.2 mM DTT, 0.01% NP-40, 70 mM 2 according to the numbered positions of these fragments KCl, 4.2% glycerol, 0.1 mM EDTA, and 1 mg poly(dIrelative to the transcription initiation site (see e.g. Fig. 1 ). dC) for 30-60 min on ice. In competition experiments, a Site-directed mutations were only introduced in the region 20-to 100-fold molar excess of double-stranded and nonof the rCx40 gene in between map positions (296,185) radioactive self oligonucleotide, mutated versions of the and the constructs containing such substitutions are indiself oligonucleotide or commercially obtained oligonucleocated with the prefix MT and named after the substituted tides (Promega) containing transcription factor binding positions. The plasmid MT (284, 283), for example, motifs was added just before the start of the reaction as contains a dinucleotide substitution in the (296, 185)
well. The nomenclature and sequences of the oligonucleoregion at positions 284 and 283 to drive expression of the tides used in this way are summarized in Table 1 . For gel Firefly luciferase gene.
supershift experiments, 200 ng of a rabbit anti-Sp1 polyThe pRL-CMV control reporter vector, containing the clonal or 2 mg of a goat anti-Sp3 polyclonal antibody Renilla luciferase gene under control of the cyto-(Santa Cruz Biotechnology, Santa Cruz, CA, USA) was megalovirus immediate-early enhancer / promoter, was obadded at the end of the binding reaction as described above tained from Promega.
and incubation was continued for 30 min at 48C. As a negative control for the Sp1 supershift assay, 200 ng of a 2.3. Transfection of cells and luciferase assays rabbit anti-desmin polyclonal antibody (Dako, Carpinteria, CA, USA) was used similarly. For transient expression analysis of luciferase reporter All reactions as described above were analyzed on a 4% 5 activity in A7r5 and N2A cells, 2 or 4?10 cells, respecnon-denaturing polyacrylamide gel run in 25 mM Tris, pH tively, were plated in 60-mm diameter culture dishes and 8.2, 0.5 mM EDTA, 25 mM boric acid, at 200 V at room transfected by the standard calcium phosphate precipitation temperature for 2 h. After electrophoresis, the gel was technique at 378C and 5% CO [21] using 2 mg of dried under vacuum at 808C and exposed to X-ray film. 
Results
schematic overview of these constructs). We have used two Cx40-expressing cell lines (A7r5, BWEM) and one -non-3. activity of these chimeric reporter constructs. The nature of the cell lines, with respect to Cx40 expression, was The genomic organization of the rCx40 gene has checked by RT-PCR and immunohistochemical analysis recently been elucidated and shown to consist of a (results not shown); Cx40 RNA and protein were easily noncoding exon of 85 bp (E1 in Fig. 1, top) , a relatively detected in both A7r5 and BWEM cells but not in N2A large intervening sequence of presumably over 5.5 kb, and cells, the highest protein level being detected in A7r5 cells. a second exon (E2 in Fig. 1, top) containing the complete
The reporter constructs schematically represented in Fig. 1 protein coding sequence [15] . In order to map the tranwere transfected into all three cell types and after a 24-48 scriptional regulatory region, four different parts of the h expression period cell lysates were analyzed for lucifer-59-flanking region were placed in front of the Firefly ase activity. As is shown in Fig. 2 , full promoter activity luciferase reporter gene in the promoterless pGL3-Basic was obtained in all three cell types even with the smallest vector. The constructs differed in the length of the 59-construct tested, i.e. p(2175,185), indicating that the upstream sequence present, the largest containing 1125 bps rCx40 promoter is contained within the (2175,185) and the smallest containing 175 bps of 59-flanking seregion. The overall promoter activity in the three cell lines quence. The 39-end of each construct, however, was decreased in a similar direction as the level of endogenous similar and contained the end of exon1 (map position 185) Cx40 protein expression, i.e. A7r5.BWEM.N2A, with as a common 39-endpoint (see Fig. 1 , bottom, for a the levels of luciferase activity reaching maximally 72-fold the level obtained with the promoterless pGL3-Basic vector in A7r5, 17-fold in BWEM, and 8-fold in N2A cells.
Multiple DNA elements are involved in rCx40 promoter activity
In order to further characterize functional motifs in the rCx40 promoter, a series of constructs was generated in which small parts of the (2175,185) region were serially deleted at either the 59-or 39-end. These truncated promoter fragments were tested for transcriptional activity in A7r5, BWEM, and N2A cells as described before and the results are schematically summarized in Fig. 3 . Irrespective of the cell line used for the reporter assay, no difference in relative luciferase activity was detected upon comparison of the p(2175,185) and p(2150,185) constructs, thus further confining the promoter to the (2150,1 85) region. A reduction in transcriptional activity in all three cell types was obtained when comparing the results activity could be noticed. In contrast, the stepwise removal essentially described as before [15] . The mouse sequence is obtained from [16] tional activation of the rCx40 gene.
Nucleotide comparison of the rCx40 (2175,185) region with the corresponding sequences from mouse or human rCx40 (2175,185) region was searched for the presence origin revealed a relative high degree of homology: the rat of potential transcription factor binding sites with the and mouse sequences are for 94%, and the rat and human MATINSPECTOR V2.2 search program (core similarity 0.75; sequences for 72% identical to each other (Fig. 4) . The matrix similarity 0.85) using the TRANSFAC transcription factor database [24] and numerous potential binding sites putative GC-box elements, we were interested whether Sp1 were identified. Most strikingly, five potential binding sites and / or Sp3 could bind to either one of these regions. for the transcription factor Sp1 and / or Sp3 (i.e. GC-box Therefore, double-stranded synthetic oligonucleotides enelements) [25] [26] [27] were identified, which are indicated in compassing the regions from 298 to 264 and from 153 Fig. 4 by a thick line underneath the putative core to 187 were radiolabeled, incubated with nuclear extracts sequence of the element. Four of these elements were prepared from A7r5, BWEM or N2A cells, and finally highly conserved in between the rat, mouse and human analyzed by non-denaturing polyacrylamide gel electrosequence, at least three of which were localized in regions phoresis. As is shown in Fig. 5 for the (298,264) region, of the rat promoter which upon deletion provided for a the results obtained with A7r5 (Fig. 5A) , BWEM (Fig. marked decrease in relative luciferase activity in all three 5B), and N2A (Fig. 5C ) nuclear extracts were identical. cell lines tested. The involvement of two of these regions Whereas in the absence of nuclear extract only the free in transcriptional activation, i.e. the regions in between oligonucleotide probe was visible, in the presence of positions (296,271) and (158,185) (both regions are nuclear extract several slower migrating DNA-protein boxed in Fig. 4) , was studied in more detail. complexes appeared, two of which were predominant (indicated here with C1 and C2). When the binding 3.3. EMSA /antibody supershift assays with reaction was performed in the presence of a 100-fold molar oligonucleotides corresponding to the (298,264) and excess of the nonlabeled fragment itself (self in Fig. 5 ) or a (153,187) regions demonstrate Sp1 and Sp3 binding commercial oligonucleotide containing a Sp1 consensus binding site, the complexes C1 and C2 were both comSince the reporter assays indicated that removal of the peted away in contrast to one of the minor complexes DNA sequences from 296 to 271 and from 158 to 185 which therefore appeared to be nonspecific. However, resulted in marked decreases in transcriptional activity and when the binding reactions were performed in the presence analysis of these sequences revealed the presence of of a 100-fold molar excess of commercial oligonucleotides containing either an AP1 or a NF-kB consensus binding the bandshift and supershift assays for both rCx40 fragsite competition was almost absent. Very similar results ments were performed with commercially obtained recomwere obtained when the (298,264) region was replaced binant human Sp1 transcription factor and compared with by the (153,187) region as radioactive target sequence, the corresponding experiments with A7r5 nuclear extract. except that the presence of a nonlabeled NF-kB oligo-
The binding of purified recombinant Sp1 transcription nucleotide in the binding reaction appeared to be more factor to both regions was evident from the appearance of competitive (results not shown). The above-mentioned a rather heterogeneous shifted band, which migration results suggested the involvement of Sp1 and / or Sp3 in behavior was further slowed down upon subsequent incucomplex formation with both the (298,264) and (153,1 bation with the anti-Sp1 antibody. Altogether these results 87) regions. indicated that indeed Sp1 was able to bind to both the Therefore, binding reactions between radiolabeled oligo-(298,264) and (153,187) region. nucleotides and nuclear extracts were performed in the To investigate whether Sp3 could also bind to the same presence of anti-Sp1 antibody or, as control, anti-desmin DNA fragments, especially since the DNA elements antibody as well. As is shown in Fig. 6A and C, a recognized by both Sp1 and Sp3 appear to be identical supershifted complex band was obtained when the incuba-
[27], the antibody supershift assays were repeated with tion was performed in the presence of anti-Sp1 but not A7r5 nuclear extract and antibodies directed against Sp1 or anti-desmin antibody which appeared to be primarily Sp3 (Fig. 7) . As mentioned before, anti-Sp1 antibody derived from the original complex C1. Irrespective of the caused a change in the migration behavior of primarily the origin of the nuclear extract or of the rCx40-specific region shifted complex C1. When anti-Sp3 antibody alone was used in the binding assay, a similar bandshift profile was added to the binding reaction also a supershift was obtained in each comparative instance (compare e.g. Fig. observed which appeared to be primarily derived from 6A with Fig. 6C , or within one figure the comparative complex C2. The appliance of both anti-Sp1 and -Sp3 lanes for the individual nuclear extracts). In Fig. 6B and D, antibodies at the same time, however, revealed that also 
Sp3 binding
Mutations in both GC-box core sequences at the same time [MT(284,283)(168,169)] provided for a similar reducTo further confirm that the two Sp1 / Sp3 binding sites tion of promoter activity as did MT(168,169) alone, contribute to transcriptional activation, reporter assays suggesting that the Sp1 / Sp3 binding site located in exon1 were carried out in A7r5 cells with constructs in which the is most critical for promoter activity of both sites studied. luciferase gene was driven by rCx40-derived promoter
The effect of the above-mentioned dinucleotide substitufragments that either lacked both sites completely or tions on Sp1 / Sp3 binding was further investigated by contained specific dinucleotide substitutions in these sites.
EMSA. Double-stranded synthetic oligonucleotides correThe plasmid p(296,185), which still possesses both sponding to the regions from 298 to 264 and from 153 binding sites, served as a positive reference (see Fig. 8A to 187, with or without the aforementioned dinucleotide for its schematic structure) for these experiments whereas substitutions, served as radioactive target sequences in an the promoterless pGL3-Basic vector was included to relate incubation with A7r5 nuclear extract; the resulting samples all of the obtained results to. The schematic structures of were further analyzed by non-denaturing gel electropho- resis as before. The nomenclature and sequences of the Altogether, these results demonstrate that mutations primers used are summarized in Table 1 . As is shown in within the core sequence of the Sp1 / Sp3 binding sites Fig. 9A for the (298,264) and in Fig. 9C for the (153,1 interfere with transcriptional activity of the rCx40 promot-87) region, mutations within the core sequence itself (Mt1 er and with Sp1 / Sp3 binding to these sites. and Mt3, respectively) almost completely abolished the binding of Sp1 / Sp3 (as visualized by the absence of DNA-protein complexes C1 and C2) whereas mutations 4. Discussion outside the core (Mt2 and Mt4, respectively) had no effect. For comparison, the original (298,264) and (153, 187) In the present study, the promoter of the rCx40 gene has regions (denoted with wt in each case) were applied as been mapped and characterized as a prelude to the well. Conversely, the competition ability of 20-to 100-fold elucidation of the molecular mechanisms that determine molar excesses of the corresponding nonlabeled oligothe cell type-specific and developmental expression pattern nucleotides was tested in bandshift experiments where of its gene product. Initially the transcriptional activity of a either the (298,264) (Fig. 9B) or (153,187) region (Fig. series of rCx40 promoter / reporter constructs was analyzed 9D) served as radioactive target sequence. In both cases in two Cx40-expressing (A7r5, BWEM) and one -nonthe competitors containing mutations in the core sequence expressing cell line (N2A). The results demonstrated that a of the binding site (Mt1 and Mt3, respectively) were not 235 base pair region (in between map positions 2150 and able to compete for Sp1 / Sp3 binding, whereas the native 185) was essential for full promoter activity in all three (wt) sequences and those containing mutations outside the cell lines and that consecutive deletions of this region core sequence (Mt2 and Mt4, respectively) did compete.
either at the 59-or 39-end gradually decreased the tran- Table 1 . Only shifted bands are shown; the complexes C1 and C2 are indicated.
scriptional activity of the remaining promoter fragment. rCx40 derived fragments, although the mobility shift Removal of the sequences from 296 to 271 and from obtained was rather heterogeneous and did not co-migrate 158 to 185 correlated with a marked reduction of with the C1 or C2 bands. However, since the purified Sp1 promoter activity in all three cell lines, suggesting the used was from human origin and the nuclear extracts presence of important regulatory elements within these studied were derived from either rat or mouse cells, this regions. Both regions proved to be highly conserved in the discrepancy in migration behavior may be explained by corresponding rat, mouse and human promoter and apspecies-related differences in glycosylation and / or phospeared to contain a GC-box like core element, which forms phorylation of the Sp1 protein [28, 29] . The contribution of a potential binding site for Sp family transcription factors.
both Sp1 / Sp3 binding sites to transcriptional activation of These results prompted us to investigate whether these the rCx40 minimal promoter was confirmed by reporter GC-box like elements were involved in the transcriptional assays in A7r5 cells with promoter / reporter constructs activation of the rCx40 gene. For that reason, a series of containing mutations in these particular GC-box like EMSA experiments was performed using oligonucleotide elements. Furthermore, bandshift experiments with the probes representing the (298,264) and the (153,187) rCx40 (298,264) and (153,187) regions containing the regions and nuclear extracts derived from A7r5, BWEM, corresponding mutations in the GC-box like elements and N2A cells. Irrespective of the source of the nuclear revealed that Sp1 / Sp3 binding is dependent on the integriextract used, with both oligonucleotide probes predomity of these elements. Based on the combined results, we nantly two DNA-protein complexes (referred to as C1 and conclude that these two Sp1 / Sp3 binding sites contribute C2) were obtained. A combination of competition studies to transcriptional activation of the rCx40 gene. and antibody supershift experiments then revealed that A search for potential transcription factor binding sites both Sp1 and Sp3 were able to form complexes with the within the (2175,185) rCx40 promoter suggested the rCx40-derived (298,264) and (153,187) regions, thus presence of a total of five GC-box like elements (Fig. 4) , accounting for the occurrence of C1 and C2. This was four of which appear to be highly conserved between rat, further substantiated by the observation that purified mouse and human. As evidenced in this study, two of these recombinant human Sp1 was also able to bind to both conserved elements (localized within the (298,264) and (153,187) regions) are involved in transcriptional regulathis point the presence of some cell type-specific detertion of rCx40. The core sequences of the GC-box like minants within the (2175,185) region can not be exelements in these regions are composed of GGGTGG and cluded; to resolve this issue a more systematic study is GGGCGG, respectively, although the latter core sequence required. Such a study, for instance, will have to include is replaced by GGGAGG in the corresponding mouse and extensive testing of the presented but also larger rCx40 human sequence. The consensus core sequence of a GCpromoter fragments in other Cx40-expressing and -nonbox element is composed of the hexanucleotides expressing cell types, in particular cells of primary origin. GGGCGG or CCGCCC [25, 26] , but examples exist of
The nature and involvement of each transcription factor functional GC-box like elements with degenerate core binding site implicated in transcriptional regulation of sequences composed of e.g. GGGAGG [30] and GGGTGG Cx40 by this study needs to be investigated. The potential [30, 31] . In this regard it is interesting to note that the C1 role of Sp3, which is like Sp1 also found in multiple and C2 complex formation in a EMSA is not impaired mammalian cell types, has to be defined more precisely when the rCx40 (153,187) region is replaced by the especially since Sp3 has been reported to act as transcripcorresponding mouse or human region (results not shown).
tional activator but also as a repressor of Sp1-mediated This is especially important since our mutational analysis activation [27, 32] . It is possible, for instance, that the of this Sp1 / Sp3 binding site in the rat promoter suggested differences observed in transcriptional activity of the that this site is functionally more relevant than the one rCx40 promoter in A7r5, BWEM and N2A cells are located in the (298,264) region. The other two conserved correlated with the level of Sp3 expression in those cells. GC-box like elements in the Cx40 promoter, occurring at Ultimately, the results obtained with primary cells and cell positions (2113,2104), and (257,252), are localized in lines will have to be tested in an in vivo experimental regions that are more or less implicated in transcriptional model system as well, e.g. through the generation of regulation by our luciferase reporter assays (Fig. 3) and transgenic mice carrying a reporter gene driven by Cx40-possess GGGAGG core sequences. The intriguing possipromoter regions of particular interest. bility thus exists that rCx40 promoter activity is mainly determined by the cumulative contribution of distinct GCbox like elements. However, EMSA / antibody supershift
